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Hydrogel electrodes are commonly used for functional and other electrical stimulation 26 applications since the hydrogel layer has been shown to considerably reduce the 27 perception of stimulation compared to dry electrodes. However, these hydrogel 28 electrodes must be changed regularly as they dry out or become contaminated with 29 skin cells and sweat products, thus losing their adhesiveness and resistive properties.
30
Dry electrodes are longer lasting but are more uncomfortable due to unequal current 31 distribution (current hogging). We hypothesize that if current through a dry electrode 32 is equally shared amongst an array of small sub-electrodes, current hogging and thus 33 the sensitivity perceived due to stimulation will be reduced. We constructed an 8 x 8 34 array of millimetre sized dry electrodes that could either be activated as individual 35 current sources, or together as one large source. A study was performed with 13 36 participants to investigate the differences in sensation between the two modes of 37 operation. The results showed that 12 out of 13 participants found the new (distributed-38 constant-current) approach allowed higher stimulation for the same sensation. The 39 differences in sensation between single and multiple sources became larger with 40 higher intensity levels.
Introduction
43
The application of electrical current to stimulate nerves for functional and therapeutic 44 purposes is well established [1] have very little follow-up data [3] . The size, shape, material and placement of surface 52 electrodes determines how effectively the underlying muscles and nerves are 53 stimulated with the least amount of discomfort [4] . Good surface electrodes should be 54 comfortable during use, easy to apply, stay in place for at least a day, re-usable, cost 55 effective and reliable [5] .
56
In the past, carbon-rubber electrodes were commonly used. However, these require 57 the application of electrode gel which can be messy and inconvenient. Therefore low-58 cost self-adhesive hydrogel electrodes are currently use as standard. As the resistivity 59 of the hydrogel layer increases, the stimulation-induced discomfort decreases [6] . 
Results
151
The results of the comfort threshold measurements showed that 12 out of 13 152 participants had a higher comfort threshold for multiple current sources. The median The magnitude of the differences between the comfort thresholds varied across the 158 participants (mean 19%) but was as high as 93% more current delivered for one 
162
Two out of the 52 VAS measurements were not collected due to an operator error.
163
These measurements were at 25% CT for Pt #2 and Pt #8. The values reported below a median of 32% difference (0% to 61%, 97.75% CI, p = 0.0020).
173
The differences in sensations between single and multiple sources became larger with 174 higher intensities levels (50%, 75% and max.) in participants Pt#1, Pt#,3, Pt#9 and 175 Pt#13. However in some participants the differences were consistent typically in Pt#2, 
Discussion
180
We hypothesised that if current is more evenly distributed across the stimulated area 181 then the stimulation will be more comfortable. The results of the study show that 182 participants were able to tolerate higher stimulation intensities with multiple sources of 183 9 stimulation. We expected multiple sources to be increasingly more comfortable than 184 single source stimulation as stimulation levels increased. Indeed this was the case 185 globally and some participants clearly showed this phenomena individually. However, 186 some participants did not perceive much difference between the two stimulation types 187 and two found multiple sources to be only more comfortable only at the highest levels.
188
An explanation for this could be due to differing perceptions of sensation for sub-189 maximum stimuli. It could also be that the pitch of the electrodes was not small enough 190 to optimise the control of current hogging. Another factor that could be influential is The experimental electrode array used in this study is too bulky and inconvenient to 217 use clinically. A smaller, flexible design integrated into an elasticated garment to hold-218 it in place on the skin would be required for this to be a clinically usable approach.
219
Further work should compare comfort levels between stimulation through multiple 220 sources and a single source using a hydrogel electrode. This will give us a clear picture 221 of whether the hydrogel electrode could be replaced with an array of dry electrodes.
222
Additional work should also investigate the tolerable level of current mismatch 223 between channels.
224
Although stimulation with multiple sources was shown to be more comfortable, it is 225 clear that there is a large difference in response between participants. Further work 226 should seek to identify the reasons for these differences, e.g., it is possible that 227 participants with thicker hair and drier skin found multiple current sources more 228 comfortable than participants with less hair and more hydrated skin. Understanding 229 these parameters may help to improve the technique further. 
